Abstract. Manifestations of disturbances in the lower ionosphere caused by a complex series of earthquakes (the strong earthquakes with M = 7.3 and M = 9 -known as M9 Tohoku EQ -and the subsequent aftershocks) that occurred near the Japanese island of Honshu have been considered with the use of monitoring measurements of the amplitude of lightning electromagnetic signals (atmospherics) received at Yakutsk. Some data of one-point lightning location systems have been compared with the data of the WWLLN network.
Introduction
The search for earthquake (EQ) precursors is carried out in many directions, but no method of confident prediction for these catastrophic natural phenomena has been found yet. The reason for this is that each EQ is a unique event.
Therefore, in our opinion, a short-term EQ prediction is possible only with a set of methods used simultaneously. These methods include monitoring of disturbances in the lower ionosphere caused by seismic processes that precede the EQs. Due to small values of the electron concentration, it is difficult to register the disturbances in the lower ionosphere (D-layer) with ionosondes, although the disturbances of the sporadic layers in the E-region are found in connection with the forthcoming EQ (Liperovsky et al., 2005; Liperovskaya et al., 2006) . At the same time, as it is known, ionospheric disturbances are well-manifested in variations of the parameters of the low frequency radio signals passing over the seismically active regions (Biagi et al., 2005; Rozhnoi et al., 2010) . However, for more or less accurate determination of the forthcoming EQ areas a wide-ranging network of radio-receiving stations around seismically active regions is required. As an additional method, we propose monitoring seismic disturbances in the lower ionosphere through natural radio emissions, i.e. electromagnetic signals of lightning discharges (atmospherics) (Mullayarov et al., 2007) . The method allows for the carrying out the azimuthal scanning of the disturbances from a single receiving point, and during the summer thunderstorm season there is a possibility to roughly locate the disturbance area. The effects of EQs and their precursors are manifested in the increase of the average amplitude of atmospherics (AA). The strongest EQ near the Japanese island of Honshu on 11 March 2011 with a magnitude of 9.0 (known as M9 Tohoku EQ) was observed after a strong EQ of 9 March 2011 with a magnitude of 7.3 and approximately the same location (foreshock) and was accompanied by a long series of aftershocks with maximum magnitude values up to 7. The complexity of lithospheric events was to be manifested in the complex sequence of disturbances in the lower ionosphere, so the effect it produced on the variations of the AA passing over this seismically active area was of interest.
Data and analysis method
Atmospherics signals are received at Yakutsk (φ = 62.02 • N, λ = 129.71 • E) with a one-point lightning location system (Kozlov et al., 1996) , whose characteristics are adjusted for the registration of distant atmospherics. The signals are received with three antennae: one vertical electrical (monopole) and two orthogonal magnetic antennae (loops with an effective area of 180 m 2 ). The error in measuring the azimuth of incoming signals does not exceed 2 • . The distance up to the source of atmospherics (lightning) is roughly estimated by the number of periods of the signal waveform (the data are regularly compared with those of the world wide lightning location network WWLLN; http://wwlln.net). Although the distance estimation accuracy is very low (no better than 25 % of the distance), the comparison with the data of WWLLN given below shows that it allows rather confident detection of the amplitude variations of the atmospherics, which can be associated with the manifestation of lithospheric processes. In winter the maximum distance to the source of received signals (determined by the signal-to-noise ratio) is about 12 000 km. However, the distance to the EQ epicenter confidently estimated through disturbances of the lower ionosphere on the atmospherics propagation path, as previously shown in our studies (Mullayarov et al., 2007 , is limited by the values of 3500-4000 km. At distances over 4000 km the number of amplitude variations of the atmospherics increases.
To determine the effects of seismic activity, we have analyzed diurnal variations of the AA calculated for the hourly interval. The methods of determination of average amplitude are as follows. As is known, the changes in the amplitude of signals should be expected if the area of disturbances on the signal path is located in the ellipsoids of the first Fresnel zones. Therefore, the atmospherics with the paths lying within the indicated zones centered in azimuth towards the EQ epicenter are selected for the analysis. The average amplitude is calculated for the atmospherics whose sources (lightning) are located behind the epicenter. In this case, the amplitude of a single atmospheric is preliminarily corrected by taking into account an attenuation of the signal along the path from the lightning to the EQ epicenter and assuming an inversely proportional dependence on the distance as a rough approximation. In other words, the AA is recalculated to one distance, i.e. the distance between the receiving point and the epicenter.
The analysis of EQ manifestations in the atmospheric signals is usually carried out for night conditions, when the attenuation in the "earth-ionosphere" waveguide is the smallest. At the same time, taking into account the interference of signal modes during night hours, which complicates the Fig. 1. (a) the behavior of AA during the time interval of 02:00-03:00 UT for 1-14 March 2011 (from the azimuthal sector ±10 degrees relative to the direction to the EQ epicenter); (b) the spatial distribution of lightning discharges in the maximum of thunderstorm activity (15:00-18:00 LT) on the day of the strongest EQ (11 March 2011) by the network WWLLN data ( is a epicenter of M = 9 Tohoku EQ).
character of the amplitude variations, diurnal variations of the amplitude determined during the daytime are additionally considered. However, in comparison with the night conditions, the flux of atmospherics noticeably decreases during the daytime, and the errors in determining the average amplitude increases accordingly. As an example, Fig. 1a shows the behavior of AA (along the x-axis -the ordinal number) recorded during the time interval of 02:00-03:00 UT (11:00-12:00 LT) for 1-14 March 2011 and received from the azimuthal sector ±10 degrees relative to the direction to the EQ epicenter on 11 March 2011. The amplitudes of atmospherics are recalculated to a one-distance amplitude in order to take into account the attenuation during propagation. In Fig. 1a the AA number 972 exceeds the average value by a factor of more than 15 (≈65 relative units). The account of this atmospheric will lead to the increase in the average amplitude by a factor of ∼ 8. Consequently, given a small amount of daytime atmospherics (<100), it is necessary to exclude atmospherics with the extremely high values of amplitudes when determining the average amplitude. Other characteristics of the average amplitudes of atmospherics, i.e. quartiles and geometric mean, have also been considered for statistical analysis. As is known, the quartiles are not sensitive to extreme values of data series.
The flux of atmospherics received in the evening could be sufficient for the analysis, because the daily maximum of thunderstorms for each longitude usually falls on evening hours. In this case, it is necessary to keep in mind that the distant atmospherics have greater Fresnel zones, so the distant centers will provide the main contribution into the flux of atmospherics. It should be also noted that the signal propagation paths over the seismically active area considered further are close to the southern direction, i.e. longitudes of the receiving point and the signal sources differ slightly, and all the paths are almost in the same lighting conditions.
Results
The peculiarity of the event is the fact that two strong EQs occurred one after another (9 March 2011 and 11 March 2011) practically at the same place -not far from the coast of Honshu, Japan (φ 1 = 38.44 • N, λ 1 = 142.84 • E, φ 2 = 38.297 • N, λ 2 = 142.372 • E, the distance between the epicenters is about 40 km). The magnitude of the first EQ was 7.3, and the second one 9.0. The depth of EQ centers was almost the same: 32 and 30 km. The daytime difference between these events is 3 h. These EQs were followed by a long series of aftershocks. The distance to the mentioned epicenters was about 2800 km; the azimuth (relative to the northward direction) was 155 • . In accordance with the sizes of the area of seismic activity during the EQs of 9 March 2011 and 11 March 2011 and subsequent aftershocks, the "center" of this area with coordinates φ c = 38.44 • N, λ c = 142.84 • E was introduced into the analysis. The azimuthal scanning of the dimensions of ionospheric disturbances was carried out with regard to this center. In the direction of the EQ epicenters during the considered period there were two major thunderstorm centers located behind the seismically active area: the neighboring center -at distances of 2500-3000 km and the distant one (or rather, the distant centers) -at a distance of 6000-8000 km. As is seen in Fig. 1b , which presents the spatial distribution of lightning discharges in the maximum of thunderstorm activity (15:00-18:00 LT) on the day of the strongest EQ (11 March 2011) by the network WWLLN data (http://webflash.ess.washington.edu), the main contribution into the flux of atmospherics was made by the distant centers .
Firstly, let's consider the variations of hourly average AA defined at 16:00-17:00 LT (this hourly interval is within the usual time of maximum thunderstorm activity during the day). Figure 2 shows the variations of the AA for the monthly period (February-March). Atmospherics were received from the direction of the epicenter from the strongest EQ on 11 March 2011 with M = 9, i.e. from the azimuth of Fig. 2a and b it is seen that the character of variations is almost the same with the exception of small differences after 16 March 2011. Therefore, in this case, the methods of one-point monitoring of seismic disturbances in the lower ionosphere, despite large errors in determining the distance to the lightning, reveal the effects of disturbances confidently.
The first EQ of 9 March 2011 was hardly manifested in the amplitude variations (the peak was on 10 March 2011), but the second EQ was followed by a two-fold increase of amplitude on 13 March 2011. According to our previous results (Mullayarov et al., 2007 , such behavior consisting in a 1-2 day delay of response of the ionosphere to the EQ is almost typical. The peaks of 25 February 2011 and 28 February 2011 preceding the EQs are marked in Fig. 2a (with the numbers 1 and 2) and interpreted by us as EQ precursors. Assuming that the first increase of the amplitude corresponds to the first EQ of 9 March 2011, and the second increase to the EQ of 11 March 2011, we concluded that the first precursor was observed 12 days before the event, and the second precursor 11 days before the event. Thus, in spite of the fact that the two EQs proceeded one after another with a small time gap, the effects of EQs and their precursors turned out to be typical for each event.
Figure 2c presents the variations of the AA recorded at hours of maximum thunderstorm activity (16:00-17:00 LT). The advanced azimuthal sector corresponding to the fifth Fresnel zone was used for statistical reliability. The average amplitude was calculated using different methods. The lower three curves represent the quartiles (the second quartile Q2, as it is well known, corresponds to the median), above there are variations of the arithmetic mean A mean (but with the exception of extreme values above 3σ , where σ is a standard deviation) and the geometric mean A geom (increased by a factor of 2 for the comparability of plots). In all the plots we see no effects of EQs, which are shown in Fig. 2a by the peaks of 10 March and 13 March. Consequently, the effects of EQs in Fig. 2a and b are connected with the high-amplitude part of distribution. The EQ precursors of 25 February and 28 February in the median and the lower quartile are weak. It indicates that the precursors are also manifested in the high-amplitude part of distribution. What stands out in Fig. 2b is the high peak of 25 March 2011, manifested in all the plots including those in the bottom quartile. It is also seen that after the effects of the first EQs the background values of the amplitude of atmospherics decreased (in the first quartile from 10 March 2011), which may indicate the turbulence in the lower ionosphere. The analyzed amplitude variations belong to the atmospherics observed during the maximum thunderstorm activity in terms of the local time (the time interval of 16:00-17:00 LT), i.e. with a quantity of daytime atmospherics sufficient for the analysis. At night, due to the better conditions of signal propagation in the earth-ionosphere waveguide, the number of registered atmospherics increases, which raises the probability of revealing the seismic effects. Figure 3a shows a picture of seismic events with M > 5 occurred near Japan in the angular sector of atmospheric observation ±20 • relative to the direction of the "virtual center" from 9 March 2011 to the end of April 2011. This lower value of magnitude is taken in view of the fact that the effects in variations of the AA were observed in the case of strong EQs, i.e. with magnitudes greater than 5. The seismic activity that continued almost all day long was observed until 17-18 March 2011. Then an increased frequency of events with maximum magnitudes of 6.4 and 6.5 was observed on 22 March 2011. Further, the frequency of severe daily events decreased (one can note only 11 April 2011, when the sequence of EQs was registered with maximum magnitudes of 6.2 and 6.6). Among the single (one-day) large events an EQ Nat. Hazards Earth Syst. Sci., 12, 3181-3190, 2012 www with a magnitude of 7.1 recorded on 7 April 2011 can be noted. Figure 3b shows the variations of average AA (with the exception of only extreme values, less than 3 % of points) at all hours of the day for the interval from 21 February to 16 April 2011. It is evident that the effects of EQs and their precursors were observed almost throughout the days (for example, 25 February and 13 March 2011) with a maximum at late-evening-night hours (11:00-17:00 UT). On 17 March 2011 there is one more enhancement of the amplitude after 12:00 UT which coincides with the end of the first long series of EQs that began with the EQ on 9 March 2011. However, the higher values of amplitude were registered during the period from 25 March to 3 April 2011, when the daily frequency of EQs substantially subsided. At the same time, it should be noted that on 7 April 2011 a strong EQ with a magnitude of 7.1, and on 11 April 2011 a series of daily events with maximum values of magnitude of 6.6 and 6.2 were registered. Then, these high values of the AA during the period from 25 March to 3 April 2011 may probably be regarded as precursors. Moreover, just four hours before the EQ on 7 April 2011, with a magnitude of 7.1, one can see a strong short-term (hourly) increase in the amplitude, which can also be considered as a precursor but quite a short one (Fig. 3b) .
Discussion
The analysis of variations of hourly amplitude values of the atmospherics passing above the area of EQ epicenters near the Japanese islands in March 2011 shows that during the strong EQs on 9 and 11 March a typical pattern of variations, which we associate with seismic events, was observed 12 days before them (Mullayarov et al., 2007 . The effects of EQs in the form of increase in the amplitude were observed for each of the following events: for the first EQ, one day later, during certain hours, and for the second, the strongest EQ, two days later (13 March), practically all day long. The amplitude increases, which occurred on 25 February and 28 February, are considered as precursors. The registration of both precursors may mean that the EQs developed to a certain extent independently, though their centers were located very close to each other.
As shown above, the intensity of EQ manifestation in the signals passing over the EQ epicenters depends on the range of atmospheric amplitudes. It is known that atmospheric amplitudes are distributed according to the log-normal law, i.e. the amplitude dependence of the number of atmospherics can be approximated by an exponential dependence (Remezov, 1985) . However, in the area of large amplitudes this dependence is broken, which can be seen both in the amplitude distribution of the received signals (Fig. 4a) and in the signals in thunderstorm sources (Fig. 4b) . If the ordinate axis has a logarithmic scale, the log-normal law can be shown as a line (Fig. 4) . In Fig. 4 the signals passing over the epicenter of the strong EQ within the 2nd Fresnel zone are considered. Figure 4a is based on the data of the signals in Yakutsk for a monthly interval before the EQ of 11 March 2011, and Fig. 4b on the data of the WWLLN network for thunderstorm sources at distances of 6000-10 000 km in azimuth range, corresponding to the 2nd Fresnel zone at a distance to the EQ of 11 March 2011. The analysis reveals that the change in the exponential dependence is connected with the transition from the amplitudes of negative discharges to those of positive discharges, which are known to have higher values of currents running in the lightning channel. The data of the WWLLN network, obtained by the method of Hutchins et al. (2012) , are used to estimate the signal amplitudes in thunderstorm centers. Thus, in search of the EQ effects and their precursors in the amplitude variations of atmospherics, it was necessary to choose the signals with an amplitude lower than the transition area, but close to it. Especially since the atmospherics with extreme amplitude would crucially determine the average amplitude of atmospherics, if their number was small. Indeed, the effects of the strong EQ considered in the work are revealed in the variations of the upper quartile and higher of the atmospheric amplitude distribution (Fig. 2c) . The absence of effects in the amplitudes of the lower quartile is connected with the presence of noise variations of the signal amplitude.
The character of thunderstorm centers may change from day to day, but we can assume that in the given case such changes are balanced, because the amplitude is calculated using both time averaging (hourly interval) and large area averaging (including tens of thunderstorm centers). For example, as the mean dimension of thunderstorm cells is approximately 30 km, the cross-section dimension of the whole thunderstorm area contains about 50 thunderstorm cells, which corresponds to the 2nd Fresnel zone for sources at a distance of 10 000 km and to the case when ionospheric disturbance lies in the middle of the path (5000 km). It is shown in Fig. 4c , which presents the behavior of the average amplitude of atmospherics calculated from the data of the WWLLN network during strong EQ in March 2011 for the areas corresponding to the first two Fresnel zones. According to the criteria considered above, Fig. 4c shows the signal variations in the amplitude interval near the area of violation of the exponential dependence. It can be seen that the variations of the amplitude lie within the range of ±10 % of the average value, while the EQ effects can be manifested in the amplitude that increased more than 1.5 times (in Fig. 2a the amplitude increased by 2.6 times on 13 March (EQ effect) and by 1.6 times on 25 February (precursor effect)). It should also be noted that during the days with considerable increases in signal amplitude at the receiving point (Yakutsk), which we associate with EQ effects, no corresponding variations of signal amplitude have been registered in the thunderstorm sources. It allows us to suppose that the increases in the amplitude of atmospherics considered in the work were caused by the peculiarities of propagation (i.e. the ionospheric disturbances). As it is known, geomagnetic disturbances are one of the main causes of disturbances in the ionosphere. In this connection, let's consider what kind of geomagnetic situation was observed during the EQ. Figure 5 presents the behavior of Dst and three-hourly Kp indices during the considered period. Near-equatorial planetary disturbance was low -the maximum negative values of Dst index (−80) were achieved just on the day of the strongest EQ. Only on certain days were mid-latitude geomagnetic disturbances moderate (Kp = 4-5), including the fact that the value of Kp = 5 took place just on the day of the strongest EQ. At the same time, the first considered EQ (9 March 2011) occurred under the condition of weak disturbance. The almost complete absence of disturbances (total daily value of Kp < 5) was observed during the period of the increase in amplitude, considered as precursors of EQs (25 February and 28 February 2011) . Under the same conditions, a series of amplitude increases in the interval of 25 March-3 April 2011 began, and only in the second part of the interval did the Kp values reach 4. Thus, practically only the sharp increase of the amplitude on 13 March associated with the main event, i.e. the EQ on 11 March 2011, could be indirectly related to the magnetic disturbance during the previous days of 10-11 March.
However, as follows from our previous results (Mullayarov et al., 2007 , the increases of the amplitude of atmospherics on the days after the EQs are registered without accompanying geomagnetic activity. But the question of connection between the EQs and the geomagnetic disturbances is worth considering.
Thus, the considered variations of the AA are, with high probability, caused by the influence of seismic processes on the lower ionosphere, or changes in the lightning source. In this connection, we made a selective amplitude analysis of data obtained in the WWLLN network, which showed that the main variations are associated with the changes on the propagation path. It should be noted that the effects of earthquakes were manifested not only in the amplitude variations, but also in the number of atmospherics received in Yakutsk. Figure 5c shows the number of atmospherics received in Yakutsk (in the time interval of 07:00-08:00 UT on March 2011) and the number of atmospherics registered by the WWLLN system in the same interval within the area of its sources (practically "in city", at distances of 6000-10 000 km from Yakutsk) corresponding to the 2nd zone. As can be seen, there was a sharp drop in the number of received atmospherics, while the minimal number of atmospherics registered by the WWLLN system remained at the same level.
A comparison with previous results gives us grounds to suppose that the increases in AA during strong EQs on 9 March and 11 March (1-2 days after) and 12-14 days before are connected with the seismic events. In this case the variations were mainly manifested in the high-amplitude part of distribution of the AA. At the same time, in the second series of strong increases of the AA (for the period from 25 March to 3 April 2011) the effects were observed all over the range of amplitudes including the lower quartile (Fig. 3a) . This could mean that either the seismic influence on the ionosphere was more significant, or there were also some other causes of disturbances (for example, meteorological and technogenic sources).
The analysis of the behavior of ionospheric parameters during the considered earthquake has been made in a number of papers, see for example (Ouzounov et al., 2011; Heki, 2011; Choi et al., 2011; Akhoondzadeh, 2012) . Heki (2011) considered short-term precursors (about an hour before the EQ) in variations of the total electron content (TEC) in the ionosphere. Much earlier precursors (a few days prior to the EQ) are discussed in Akhoondzadeh (2012) . In Akhoondzadeh (2012) it was found that 3 days prior to the EQ an increase of electron density was observed in the ionosphere. If we look at Fig. 4a in Akhoondzadeh (2012) , we can see that in fact the growth of TEC started 8 days before the EQ, although the author suggests that the actual effect was observed only one day (3 days before the event), and the rest of the increase of TEC was associated with the solar and geomagnetic effects. Such a result of the increase of TEC in the interval of 6-10 March (with a peak on 8 March) was obtained in Ouzounov et al. (2011) . Besides, as follows from our results presented in Fig. 3 , beginning 5 March, a certain increase in the amplitude of atmospherics shifted in time on different days was observed. In addition, on 5 March we observed a significant one-hour increase of the atmospheric amplitude. Despite the absence of geomagnetic disturbances, we did not consider it a precursor because of its brevity.
It should be noted that these studies examined the behavior of the total electron density by using the GPS-receivers, and the ionospheric tomography data by using the signals from low altitude satellites. TEC variations are mainly determined by the behavior of the electron density in the F2 layer of the ionosphere, while the method used by us reflects variations of the electron density in the lower ionosphere. Variations of the parameters in the different layers of the ionosphere are not necessarily synchronous. In particular, if the transmission of seismic energy goes through the AGW, we should expect a delay of effects in the F2 layer with respect to the effects in the lower ionosphere.
Although several possible mechanisms of transferring the energy of lithospheric processes into the ionosphere are considered, the majority of experimental facts indicates that the most probable mechanism is the effect on the ionosphere produced by means of atmospheric gravity waves (AGW) (Molchanov et al., 2004) . Particularly, in our case a slow vertical propagation velocity of AGW can explain the 1-2 day delay of EQs effects relative to the events. One can expect the manifestations of AGW in the lower ionosphere (see, for example, Rozhnoi et al., 2007; Horie et al., 2007; Muto et Let's consider what variations of the AA can be expected under perturbations of the lower ionosphere. We used a simple but realistic model of electromagnetic wave propagation in the waveguide "earth-ionosphere", taking into account the damping of waves. The model is discussed in several papers, see for example (Sukhorukov, 1992; Porrat et al., 2001) . The conductivity of the ionosphere above altitude z o is described by a single scale height exponential profile: 
where ε o = 8.85 × 10 −12 , F /m is the free space permittivity, H is the scale height and β is the inverse scale height. Only the modes of order up to n = 3 are considered. The attenuation rate for the TEM mode (n = 0) is given by Greifinger and Greifinger (1979) :
For the QTE modes, in the frequency range f > √ 2f n (where f n is the cutofi frequency of mode n), the attenuation rate is given by Sukhorukov (1993) :
where S n = sin(θ n ) = sqrt(1 -C 2 n ) is the sine of the eigenangle for the n-th mode; C n =cos(θ n ) is the cosine of the eigenangle for the n-th mode; θ n is the eigenangle of the n-th mode.
In Eq. (2) the altitude h o corresponds to equation σ (h o ) = ωε o , where ω is angular frequency. In Eq. (3) the altitude h 1 is the height at which the local wave number becomes equal to the reciprocal of the local scale height of the refractive index (i.e. 4ωµ o σ (h 1 )H 2 = 1), where µ o = 4π ×10 −7 H /m is the permeability of free space. The usual variation in β at night is 0.28 to 0.7 km −1 . Figure 6b shows the results of calculations of the signal spectra after passing the distance of 4000 km at night (the height of the D-layer (E-layer) was given in the range of 88-94 km, the parameter β = 0.3). Figure 6c presents the results of calculations of the spectra in the case of complex change in the ionospheric parameters: the parameter β and the height of the layer increases simultaneously. For the frequency of 12 kHz (near the spectrum maximum), when the height increases from 88 km to 94 km (dashed and dash-dot line), the signal amplitude increases by 1.4 times. In the case of combined change in the parameters of the layer (height from 88 km to 92 km, and the parameter β from 0.3 to 0.4), the increase in the signal amplitude is greater (1.7 times).
Our calculations show that during the observation quasiperiodic oscillation trains of 10-15 % of the average level can be provided by variations in the height of the E-layer up to 2 km. The same values of oscillations can be provided by variations of "steepness" of the vertical profile of electrons (by changing the parameter β from 0.3 to 0.33).
Conclusions
The disturbances of the lower ionosphere caused by a complex series of EQs (the strong EQs with M = 7.3 (foreshock) and M = 9 (M = 9 Tohoku EQ) and the subsequent aftershocks) that occurred near the Japanese island of Honshu have been considered with the use of monitoring measurements of the amplitude of lightning electromagnetic signals (atmospherics) received at Yakutsk.
The analysis of variations of hourly values of the AA passing over the area of EQ epicenters shows that during the initial period (the strong EQs on 9 March and 11 March) there was a typical pattern of variations manifested in the increased amplitude after both EQs and possible presence of precursors, as well as in the form of the increase in amplitude 12-14 days before the events. The focuses of these EQs were located very close to each other, but the registration of both precursors may indicate that both of the lithospheric processes developed to a certain extent independently.
Despite the almost continuous series of EQs in the considered period (9 March to 15 April 2011), after the effects of initial strong EQs, some more peak enhancements of the amplitude of atmospherics 4 days later (17 March 2011) and the strongest increase of amplitude during the period from 26 March to 5 April 2011 were registered. Theoretically, these variations can be associated with the next series of EQs with a higher magnitude (M > 6) on a certain day, i.e. considered as precursors, though it is difficult to say it with a high degree of confidence. Probably, a short-term (hourly) precursor in the form of a strong hourly increase in the AA with a magnitude of 7.1 was registered four hours before the EQ of 7 April 2011.
During all the days of the enhancement of the amplitude of atmospherics, quasi-periodic variation trains were registered. Together with the delay of EQ effects relative to the time of the events, they may testify in favor of transferring the energy of lithospheric processes into the lower ionosphere by means of atmospheric gravity waves.
